levels may be regulated. Human E2F1 protein is periodically targeted for ubiquitin-mediated degradation after G1→S transitions and thus appears to be subject to cell cycle-dependent negative feedback (Marti et al., 1999) . A similar mechanism may apply to Drosophila E2F1, which is absent during S phase (Asano et al., 1996; Heriche et al., 2003) . Considering that E2F can regulate both G1→S and G2→M phase transitions (Neufeld et al., 1998; Ishida et al., 2001) and is also subject to cell cycle-dependent regulation, it is a good candidate for a coordinator of overall cell cycle duration.
In this study, we specifically inhibit in developing wing cells either G1→S or G2→M progression and characterize the response of the overall cell cycle timing, phasing, and activity of regulatory factors. Our results indicate that compensatory feedback between G1→S and G2→M progression is an active mechanism that derives from inherent properties of the cell cycle control apparatus. Our data indicate that dE2F1 both regulates and responds to levels of Cdk activity, allowing the coordinate regulation of G1→S and G2→M progression.
Results

Inhibition of Cyclin E/Cdk2 Elongates G1, but Cells Compensate by Shortening G2
Previous studies showed that wing disc cells compensate for truncation of either G1 or G2 by elongating other phases (Neufeld et al., 1998). To further examine this compensatory effect, we specifically elongated G1 or G2. If an active mechanism of cell cycle compensation exists, cells would be expected to compensate not only when phases are shortened but also when they are elongated.
We used the Flp/Gal4 method (Pignoni and Zipursky, 1997; Neufeld et al., 1998) to activate UAS-linked transgenes in random cells at defined times in development. had a cell cycle longer than 24 hr, as evidenced by lack of BrdU incorporation (data not shown), and were spent 7.3 hr in G1, 2.9 hr in S, and 4.8 hr in G2.
We considered the possibility that Dap might be differprobably arrested. We conclude that, within limits, elongation of G1 does not lead to a lengthened cell cycle. entially affecting these asynchronously dividing cells and arresting a fraction of them in G1. To label proliferatRather, cells compensate by shortening their S and G2 phases. ing cells, we fed bromodeoxyuridine (BrdU) to larvae over a 24 hr period, longer than the average 15 hr cell cycle. By assaying BrdU incorporation, we confirmed dacapo Induces Accumulation of String, dE2F1, and Cyclin E that, as in the wt, ‫%09ف‬ of the dap (line II.4)-overexpressing cells were dividing (data not shown). Several Because G2 is shortened when dap is overexpressed, we asked whether Stg, the rate-limiting factor for G2→M other UAS-dap transgenes providing different levels of Previously, it was shown that stg transcription could be induced in wing disc cells by overexpressed dE2F1 (Neufeld et al., 1998). To determine whether dE2F1 was responsible for the accumulation of stg mRNA in dapoverexpressing cells, we assayed the expression of ribonucleotide reductase 2/ribonucleotide reductase S (rnr2/rnrS), a well-defined transcriptional target of dE2F1 activity (Duronio et al., 1995). As shown by RNA in situ hybridization, P cells overexpressing dap also upregulated rnr2 transcription ( Figure 2C ). CycE RNA and protein accumulation were also observed in these cells ( Figures 2E and 2D To address how dE2F1 activity was increased, we assayed the effect of overexpressed Dap on dE2F1 protein levels. Immunostaining revealed increased levels of dE2F1 protein in cells overexpressing Dap ( Figure 3A) . The increased dE2F1 protein correlated with elevated expression of dE2F1 targets, one of which, stg, is likely responsible for the observed compensatory shortening of G2.
Inhibition of Cdk1 Elongates G2, but Cells Compensate by Shortening G1
To address the effects on cell cycle timing when G2 is elongated, we overexpressed the Cdk1 inhibitory kinase Drosophila wee1 ( ing that dWee1 overexpression did not arrest a signifiwas involved in this compensatory G2 truncation. We cant subpopulation of cells in G2 (data not shown). Thus, used the engrailed-Gal4 (en-Gal4) driver to overexpress cells with higher levels of dWee1, despite elongated UAS-dap and UAS-GFP specifically in posterior (P) com-G2 phases, divide at wt rates by compensating and partments of wing discs. This driver facilitates the comshortening their G1 phases. parison of wt control (anterior [A] compartment) and experimental cells (P compartment), since these cells exist in adjacent regions of the same tissue. ImmunoCdk1 Inhibition Induces Accumulation of Cyclin E, dE2F1, and String staining of third instar (L3) larval wing discs revealed increased Stg protein in P cells overexpressing Dap
The observed compensatory truncation of G1 in cells overexpressing dwee1 could result from altered regula- (Figure 2A ). Stg protein was not present in every P cell, suggesting that its previously described periodic cell tion of the limiting factor responsible for the G1→S transition, CycE. To test this, we performed immunostaincycle regulation (Edgar and Datar, 1996) was maintained. To determine whether the observed accumulaings in L3 larval wing discs expressing UAS-dwee1 under the control of the en-Gal4 driver. Cells in the P tion of Stg was due to increased transcription, we performed RNA in situ hybridization for stg mRNA (Figure compartments of these discs showed higher levels of CycE protein and mRNA ( Figures 2I and 2J) , which prob-2B). stg mRNA accumulated in cells overexpressing dap, demonstrating that stg transcription was increased.
ably account for the faster transit of these cells through 
Increased Cdk Activity Downregulates dE2F1 Levels
In these two different compensatory situations, a common theme arises: reduction of Cdk activity extends a specific gap phase, causes upregulation of dE2F1, and leads to the compensatory truncation of the complementary gap phase. This suggests a link between Cdk activity and dE2F1. To address this possibility, we assayed the effects of increased Cdk activity on dE2F1 protein levels. We increased Cdk2 activity by driving cycE overexpression in the P compartment using enGal4 and examined dE2F1 levels by immunofluorescence. As seen in Figure 3D , cycE-expressing (P) cells contained lower levels of dE2F1 protein than control (A) cells. To determine if this effect was general to Cdk activity, we increased Cdk1 activity by overexpressing stg. We observed slightly lower levels of dE2F1 in this case ( Figure 3E ), but the effect was less pronounced than when Cdk2 was stimulated. In summary, Cdk activ- Figure 3F ). Conversely, when Cdk2 activity was observed. Finally, we observed higher levels of dE2F1 protein in cells that overexpressed dwee1 ( Figure 3B ). stimulated by cycE overexpression, transcription of de2f1 was reduced ( Figure 3I) . Surprisingly, this relationTo confirm that the observed outcome of elongating G2 was not specific to dWee1 overexpression, we overship is opposite to that documented for E2F1 in mammalian tissue culture, in which G1 cyclin/Cdk activity was expressed Tribbles (Trbl), a protein involved in promot- we observed that dE2F1 ( Figure 4G ) was also present in these cells but did not colocalize subcellularly with We were unable to detect a difference in de2f1 promoter activity when Cdk1 was stimulated by stg overexthis marker ( Figure 4I ). This indicates that dE2F1 does not associate with chromatin in mitosis. In sum, these pression ( Figure 3J ), leading us to suggest that the effect of Stg on dE2F1 protein levels is largely posttranscripexperiments demonstrate that dE2F1 is present in G1, G2, and M phase cells but absent in S phase. Additiontional. Inhibiting Cdk1 by dWee1 or Trbl overexpression, however, did result in elevated de2f1 transcription (Figally , the presence of cells negative for CycA, dE2F1, and BrdU (data not shown) suggests that dE2F1 may also ures 3G and 3H). In summary, Cdk activity negatively regulates de2f1 transcription. be absent during a short interval in early G1. To determine if differential cell cycle regulation of dE2F1 protein plays a role in cell cycle compensation, dE2F1 Protein Oscillates with the Cell Cycle Because dE2F1 protein levels were altered by changes we performed the same double labelings for dE2F1 and BrdU, dE2F1 and CycA, or dE2F1 and PH3 in discs in in the levels of Cdk activity, we next examined dE2F1 protein levels in a wt cell cycle, where it is expected which dap, wee1, trbl, cycE, or stg were overexpressed using the en-Gal4 driver. We observed that the cell cycle that Cdk activity normally oscillates. We double labeled wt larval wing discs for dE2F1 protein together with periodicity of dE2F1 protein expression was maintained (see Supplemental Figures S1A-S1F at http://www.cell. different combinations of cell cycle markers. To identify S phase cells, we pulse labeled discs with BrdU for 30 com/cgi/content/full/117/2/253/DC1; data not shown) and that dE2F1 protein accumulated to levels higher min and then costained for BrdU ( Figure 4B ) and dE2F1 protein ( Figure 4A ). As shown in Figure 4C and Supplethan wt during the cell cycle phases that were specifically elongated (e.g., G1 for dap overexpression, Supmental Table S1 (at http://www.cell.com/cgi/content/ full/117/2/253/DC1) and reported by Asano et al. (1996) plemental Figures S1A and S1B). In the phases that were specifically truncated (e.g., G1 for cycE overexpression), and Heriche et al. Figures 6K-6M ). These data strongly support the requirement for dE2F activity in the upregulation of these transcripts and the resulting cell cycle compensation when Dap is overexpressed. nounced than in wt cells overexpressing dWee1 ( Figure  6E ). Moreover, dDP a1/a2 mutant cells overexpressing dWee1 had slower rates of division ( Figures 6B and 6F ) expressed de2f1 ubiquitously under en-Gal4 control to override the endogenous de2f1 transcriptional regulaand high rates of apoptosis (data not shown). When dWee1 was induced in wt cells, we observed by RTtion and then assayed the effects on dE2F1 protein distribution during the cell cycle. GFP was coexpressed PCR the expected induction of dE2F1 target genes (data not shown), consistent with our in situ data ( Figure 2 ). with en-Gal4 so that the activity of en-Gal4 could be easily assessed, and S phase cells were labeled with
In the dDP a1/a2 background, however, dWee1-overexpressing cells were subviable, and effects on dE2F1 BrdU. As shown in Figure 5A , dE2F1 protein still oscillated in cells that overexpressed the UAS-de2f1 gene, target gene expression could not be measured accurately. The decrease in viability of these cells may be and most cells that were positive for BrdU were negative for dE2F1. Furthermore, we found many S phase cells due to the slower rates of division resulting from the loss of cell cycle compensation. We attempted similar that were GFP positive but dE2F1 negative (Figures 5B  and 5C ). These cells must express the Gal4 protein and experiments with dE2F2
G5.1/76Q1
; dE2F1 91/729 mutants, but in our hands these animals failed to reach late larval thus probably also express high levels of de2f1 mRNA. Thus, dE2F1 protein can be cleared from S phase cells stages, making the experiments technically unfeasible. In summary, our data show that dE2F1 activity is recycle profiles by FACS, and calculated CDT. We predicted that in the absence of dDP, G2 elongation would quired for the observed upregulation of rnr2, stg, and not occur, and cells overexpressing these growth drivers cycE in situations of Cdk2 inhibition and for cycle comwould divide faster. Indeed, the compensatory elongapensation when Cdk1 or Cdk2 is inhibited. tion of G2, which is observed in wt cells upon rheb or dmyc overexpression, was not as pronounced in dE2F1 Is Required for Cell Survival under dDP a1/a2 mutant cells (Figures 6G and 6I ). This indicates Overgrowth Conditions that dE2F1 is also important for cell cycle compensation Genes that promote cellular growth, such as dMyc, Ras, in these situations. When analyzing CDT, however, we PI3K, Akt, and Rheb, accelerate G1→S progression but observed that dDP a1/a2 cells overexpressing dMyc or fail to speed up overall cell division rates in the wing Rheb formed smaller clones than wt, which translated cell.com/cgi/content/full/117/2/253/DC1). In addition, Saucedo and B.A.E., unpublished data). This suggests we noted that many fewer rheb-or dmyc-expressing that cell cycle compensation might be a protective clones were present in the dDP a1/a2 background as commechanism against increased division rates. To deterpared to wt ( Figure 7D ; Supplemental Table S2 ). This mine the importance of dE2F-mediated cell cycle comsuggests that many of these clones were completely pensation in this context, we overexpressed rheb or culled by apoptosis. These high rates of cell death probably account for the apparent increase in CDT, which dmyc in a dDP a1/a2 mutant background, analyzed cell affect dE2F1 levels more directly, as discussed below. It Thus, dE2F1 may be targeted for SCF-mediated degradation following phosphorylation by Cdk2, Cdk1, or is also important to note that the mechanism we propose could only function if the stg and cycE transcripts, which other kinases whose activity is Cdk dependent. Phosphorylation of mammalian E2F1/Dp1 complexes by limit cycle progression, are not strictly periodic but persist through successive cell cycle phases. This condition CycA-dependent kinases has been reported, but a role in the degradation of E2F1 was not established (Krek et is supported by experiments showing that stg and cycE mutant cells are able to divide two to three times after al., 1994; Dynlacht et al., 1997). Consistent with the idea that direct phosphorylation by Cdks may mediate dE2F1 loss of the wt allele (Neufeld et al., 1998) . Thus, functional levels of these cell cycle-regulatory transcripts persist degradation, dE2F1 has at least two consensus Cdk phosphorylation sites. through more than a single cell cycle.
While we based our work on overexpression studies, E2F's ability to promote G2→M transitions has been previously documented in flies (Neufeld et al., 1998) and we also observed that dE2F1 levels are tightly regulated in normal cell cycles. dE2F1 protein oscillates, being suggested by expression studies in mammalian cells (Ishida et al., 2001 ). The additional feedback regulation present in the G2, M, and G1 phases (Figure 4 ) but absent during S phase (Figure 4; Asano et al., 1996; described here adds to accumulating evidence that dE2F1 has functions beyond G1→S progression and Heriche et al., 2003). These oscillations may reflect fluxes in Cdk activity, which is expected to reach high implies a central role for dE2F1 in coordinating overall cell cycle timing. The feedback mechanism we describe thresholds at G1→S (for Cdk2) and G2→M transitions (for Cdk1). We believe that the loss of dE2F1 at the G1→S also clarifies some unresolved issues, such as the effects on wing disc overgrowth induced by growth protransition is Cdk2 dependent. Our data also suggest that Cdk1 may deplete dE2F1 during late mitosis or early G1. ; dDP a1 /CyO-GFP; UAS-rheb, y using the Molecular Dynamics Typhoon 8600 and data analyzed w flp 122 ; dDP a1 /CyO-GFP; UAS-dmyc; and w; dDP a2 /CyO-GFP; actϾ using ImageQuant software. The ratio of rnr2, stg, or cycE to gfp cd2ϾGal4 UAS-GFP lines were made for use in the dDP mutant exmRNA was used to normalize for the amount of overexpressing cells periments.
in each sample. For each genotype, two independent RNA isolations were performed, followed by two independent RTs. Flow Cytometry All clones were induced at 72 hr AED by a 1.5 hr heat shock (HS) Acknowledgments at 37ЊC, and discs were dissected at 120 hr AED, in wt backgrounds. 
